The influence of cluster size and of cluster-substrate interaction on the magnetic properties of Co clusters of 1-10 atoms on Pt(111) and Au(111) is studied by fully relativistic ab initio calculations. The focus is on systematic trends of the spin and orbital magnetic moments, the exchange coupling, and the crossover temperature. The spin magnetic moments of Co clusters are larger for the Pt substrate than for the Au substrate, while the reverse is true for the orbital magnetic moments. The local magnetic moments of Co atoms generally increase if the number of Co neighbours decreases. The exchange coupling constants J i j depend on the cluster size and on the location of respective atoms. The crossover temperature increases monotonically with cluster size and is larger for clusters on Pt than for clusters on Au.
Introduction
Metallic clusters have been the focus of intensive basic as well as applied research recently. From a fundamental point of view, clusters offer the possibility to study the evolution of physical and chemical properties from atoms to nanostructures to solids. They contain a large portion of surface atoms, yet their properties cannot be expressed as a mere linear combination of surface and bulk contributions; finite cluster dimensions and associated quantum size effects are significant factors as well. From an application point of view, clusters are promising in many technological fields, including high-density magnetic recording, spintronics, or bio-magnetic sensors.
Recent advances in nanostructure technology made it possible to prepare supported clusters with sizes reaching down to several atoms. For experimental investigations of supported clusters, x-ray magnetic circular dichroism (XMCD) has proved to be an extremely powerful tool as it allows one to measure local spin and orbital magnetic moments in an element-specific way [1, 2] . While first experimental work was done on rather large clusters [1, 3] , it is now also possible to study very small clusters consisting of only a few atoms [4] [5] [6] . These experiments showed that both the spin magnetic moment μ spin and the orbital magnetic moment μ orb of small clusters are strongly enhanced with respect to the bulk.
Theoretical studies focused on overlayers and ad-atoms initially. Recently, a number of theoretical investigations on deposited clusters have been performed as well. These have been done mostly in a non-relativistic or scalar-relativistic way, relying either on spin density functional theory or on parameterized tight-binding model Hamiltonians [7] [8] [9] [10] . Several studies also included the influence of spin-orbit coupling, thus giving access to orbital magnetic moments and magnetocrystalline anisotropy [11] [12] [13] [14] . On the other hand, very little attention was paid to the exchange coupling between local magnetic moments in supported clusters and to the associated question of thermal stability of the cluster magnetism.
The purpose of our work is to study the influence of the cluster size and of the substratecluster interaction on magnetic moments, exchange coupling, and crossover temperatures of supported clusters. We focus on Co clusters of up to ten atoms supported by Pt(111) and by Au(111). This choice is motivated by the availability of relevant experiments [6, [15] [16] [17] and by the fact that Pt and Au appear to behave differently when interfaced with a magnetic material [18] [19] [20] . Our theoretical framework is based on a material-specific ab initio approach, with no adjustable parameters. Both the clusters and the substrate are treated fully relativistically, on the same footing. In order to separate the influence of the geometry and of the electronic structure, we investigate also a third substrate: namely, a hypothetical fcc Au with the lattice parameter of Pt.
The outline of the paper is the following. First we describe our theoretical framework, then we present results for μ spin and μ orb of Co clusters and investigate how they depend on the coordination numbers. This is followed by studying the size dependence of magnetic moments of clusters on different substrates. The density of states for different substrates and for different cluster sizes is shown afterwards. The subsequent section is devoted to the exchange coupling in Co clusters and to the way it depends on local magnetic moments and coordination of individual atoms and on the substrate. Finally, the crossover temperature of the various systems is investigated.
Computational scheme
Zero-temperature properties of supported clusters were calculated within the ab initio spin density functional theory, relying on the local spin density approximation (LSDA). The Vosko, Wilk, and Nusair parameterization of the corresponding exchange and correlation potential was used [21] . The electronic structure is described, including all relativistic effects, by the corresponding Dirac equation. Our approach to solve it is based on the spin-polarized relativistic multiple-scattering or Korringa-Kohn-Rostoker (SPR-KKR) formalism [22, 23] , implemented in two steps. In the first step, the Green's function of a clean surface (a 'host') is calculated by applying the tight-binding computational scheme [24] . In the second step, the supported clusters are treated as a perturbation to the clean surface and the Green's function of the new system is obtained self-consistently by solving the Dyson equation. A more detailed description of this procedure can be found in our earlier papers [14, 25] .
In all our calculations, we assume that the atoms are located on ideal lattice sites of the underlying bulk fcc lattice. The vacuum region is represented by layers of empty sites. Two ways of modelling the clean surface were used: either by a slab of 18 metallic layers topped by 6 vacuum layers or by two half-crystals separated by 18 vacuum layers, with electronic structure allowed to relax within 12 metallic layers of each of the half-crystals. We found that these models are practically equivalent (the magnetic moments of deposited Co atoms calculated by both approaches differ by less than 0.01 μ B ). One has to bear in mind that, because of our neglect of the structure relaxation, the results contain a systematic deviation with respect to experiment. The distance of Co atoms from the substrate as well as the Co interatomic distances get shorter if structure relaxation is taken into account [26] . On the other hand, by fixing the geometry, we proceed in our study along a well-defined direction; we isolate the net effect of varying the cluster size and can observe how the transition from clusters to overlayers to the bulk affects the magnetic properties.
When solving the Dyson equation for the perturbed systems, impurity clusters of 87 sites were used. This size is fully sufficient: we checked that if only 55 atoms were included, the resulting magnetic moments changed by less than 0.01 μ B . The direction of the magnetization for T = 0 K was fixed perpendicular to the (111) crystal surface. The effective potentials were treated within the atomic sphere approximation (ASA). For the multipole expansion of the Green's function, an angular momentum cutoff of max = 2 was used. For selected systems (Co 1 , Co 2 , and Co 4 clusters and a complete Co overlayer) we performed the calculations also for max = 3 and found that this causes an increase of the local spin moment μ spin by 3-5% and an increase of the local orbital moment μ orb by 3-10%. This indicates that the systematic trends in μ spin and μ orb are well described by max = 2.
The spherically symmetric ASA potential was constructed by including a full charge density in the atomic spheres, using a multipole expansion up to 2 max . It was demonstrated that this procedure eliminates most of the deficiencies of the shape approximation to the potential at metallic surfaces, unless one is interested in truly vacuum states [27] . Likewise, it was shown recently that ASA potentials are appropriate for describing spectroscopic properties of free noble metal clusters [28] .
Investigations of magnetic properties at finite temperatures were based on calculating the ground-state electronic structure in a scalar-relativistic way, considering only the spin magnetic moments. We assume that the energetics connected with the deviation of spins from a ferromagnetic order can be described by a classical Heisenberg spin Hamiltonian,
where J i j is the exchange coupling constant between atoms i and j and e i , e j are unit vectors pointing in the directions of the corresponding local magnetic moments. For mapping of the ab initio results onto the Heisenberg model, we rely on the formula of Liechtenstein et al [29] ,
which was derived by exploiting the multiple-scattering formalism, linear response theory, the spin-polarized local force theorem, and the long-wave approximation. The expectation value of an observable A as a function of spin directions, A({e i }), can be written as
We evaluated (3) by a Monte Carlo (MC) method [30] using the standard Metropolis importance sampling algorithm [31] . The J i j -values obtained from (2) were taken as input parameters. For each temperature, about 10 7 -10 8 MC steps per atom were performed; the simulation started from a collinear orientation of all atomic magnetic moments and each step consisted of a random rotation of the spin directions. In that way, the magnetization M of clusters as a function of the temperature T can be obtained as the expectation value of cluster magnetic moments. A similar procedure was applied recently in our study of free clusters [32] . Unlike in the case of crystals, no clear-cut magnetic transition temperature can be defined for clusters because well-defined phase transitions do not occur in finite systems. However, the M(T ) curve exhibits an inflection point for a finite system and the corresponding temperature can thus be identified as the crossover temperature T c . Another way of defining T c is to associate it with the change of the internal energy which occurs when the system transits from a dominantly ordered to a dominantly disordered state. The crossover temperature is then taken as the position of a peak in the specific heat as a function of the temperature. We used this second definition of T c here, because for very small clusters, a peak in the specific heat is a significantly more distinguished feature than an inflection point of the M(T ) curve. However, temperatures determined in both ways to not differ very much from one another and the final picture does not depend on the choice of the definition of T c . Finally, it should be noted that T c obtained this way would not change significantly if magnetic anisotropy were included in the Hamiltonian (1) in a realistic way [14] .
Results and discussion

Local magnetic moments
Calculated values of local μ spin and μ orb for Co clusters of 1-7 atoms supported by the Pt(111) surface are displayed in figures 1 and 2; analogous data for clusters supported by the Au(111) surface are displayed in figures 3 and 4. Figure 1 also shows μ spin induced in the Pt substrate. Our results for bilayer clusters of 10 atoms are shown in figure 5 ; in this case, magnetic moments induced in the atoms below the clusters are shown for both substrates. One can see that there is sometimes a considerable variation of μ spin and μ orb between different sites of the same cluster. Sites with a lower coordination number generally have larger μ spin and μ orb than sites with a higher coordination number. Clusters supported by Pt have larger μ spin than clusters supported by Au, while the reverse is true for μ orb . Note that, because of the presence of Co clusters, substrate atoms which belong to the same layer are in general not equivalent any more-the symmetry is reduced. This reduction of symmetry leads, for example, to an 8% difference between μ orb of atoms at the left and right edges of the Co 5 cluster on Au (see centre of figure 4).
There is a big difference between induced magnetic moments in the Pt and in the Au substrates. Pt atoms which are nearest neighbours of any Co atom have a relatively large μ spin of 0.07-0.14 μ B , while analogous Au atoms have a small negative μ spin , not larger than 0.02 μ B in absolute value. Substrate atoms with a larger number of Co neighbours usually have a larger μ spin than substrate atoms with a smaller number of Co neighbours. However, this is not a general rule (cf atoms below the central atom of the cross-shaped Co 5 cluster in figure 1 ). The orbital magnetic moment induced in the substrate atoms is always small: it is less than 0.03 μ B for Pt and practically zero for Au (less than 0.002 μ B in absolute value). The fact that Pt atoms are much more polarizable than Au atoms is consistent with earlier theoretical [18] as well as experimental studies [19, 20] , and can be related to the high spin susceptibility of Pt due to the large density of states at the Fermi level.
Local magnetic moments in some Co clusters on Pt(111) can be compared with earlier studies based on a similar theoretical approach. For a linear Co 3 cluster, Lazarovits et al [33] found μ spin = 2.15 μ B and μ orb = 0.38 μ B at the edge atom and μ spin = 2.12 μ B and μ orb = 0.36 μ B at the central atom; the site dependence is thus slightly more pronounced in our calculations. Gambardella et al [6] presented results for the local orbital moment μ orb for a linear Co 3 cluster, for a Co 4 cluster and for a cross-shaped Co 5 cluster. A direct comparison of their and our results is not possible because the calculations of Gambardella et al included the so-called orbital polarization (OP) [12, 34] , which we did not consider. In order to have an estimates of how the local μ orb of these authors would look like without OP, we assume that including OP increases μ orb for all atoms in a cluster by the same factor. Under this assumption, such a factor can be determined by employing the total μ orb of the clusters as calculated with OP and without it, which were published in [6] . The ratio of both values provides the factor we need. In that way, we estimate that, without OP, the local μ orb of Gambardella et al [6] would be the following: 0. shown for comparison. A quasilinear correlation between μ spin and coordination numbers can be found for clusters of 1-7 atoms. The data for a bilayer 10-atom cluster and for an overlayer do not quite fit into this correlation-although the general trend that μ spin and μ orb increase with decreasing coordination number is valid also for these systems. The relation between μ spin and coordination numbers was demonstrated earlier for free Fe clusters and surfaces [35] and for supported Fe clusters [13, 36] . Obviously, it could be used to estimate the magnetic moments of clusters too large to be handled by current theoretical and computational means.
The right graphs of figures 6 and 7 demonstrate also a steep and essentially monotonic decrease of μ orb with the coordination number. This dependence, however, cannot be approximated by a simple linear function, and the relative spread of μ orb -values for a given coordination number is larger than in the case of μ spin . The strong dependence of μ orb on the coordination number was observed earlier for Fe clusters on the Ag(001) surface [37] and for free Fe clusters as well [35] . One has to ask how the overall picture would change if structural relaxations were included. This can be estimated by observing the effect of structural relaxations on magnetic moments of Co 1 and Co 9 clusters on Cu(001) [38] and of a monatomic Co wire on Pt(997) [39, 40] . It follows from these studies that Co-Pt distances would decrease by up to 13%, μ spin would decrease by 3-10% and μ orb would decrease by 20-30%. For substrate atoms, the induced magnetic moments would increase (in the case of a Co wire on Pt, the induced μ spin increases by 0.05-0.10 μ B while the induced μ orb remains practically unchanged [39, 40] ). The effect of structural relaxation would be more pronounced for ad-atoms than for larger clusters. Importantly, the changes caused by structural relaxation are all in the same direction (this was observed also for Co clusters embedded in a surface [41] or in the bulk [42] ). Therefore, one can expect that including structural relaxations in our study would lead to quantitative but not qualitative changes, and that the systematic trends would be the same.
Size dependence of average magnetic moments
In this section we investigate the dependence of μ spin and μ orb on the cluster size. The total μ spin per Co atom for clusters supported by (111) surfaces is shown in figure 8 ; the total μ orb per Co atom is shown in figure 9 . Only compact cluster shapes are considered, i.e., the Co 3 cluster is of a triangular shape and the Co 5 cluster is of a half-moon shape. The substrates now include not only Pt and Au but also a hypothetical Au with the geometry of Pt. The total magnetic moment induced in the Pt substrate (per Co atom) is also displayed; the magnetic moments induced in the Au substrate are too small and are not shown. For comparison, the magnetic moments for Co overlayers on all three substrates are shown as well. Figure 9 includes also experimental values of μ orb for small Co clusters and for a Co overlayer on Pt(111) deduced by Gambardella et al [6] by applying the sum rules to their XMCD spectra. Clusters supported by Pt(111) have a larger μ spin than clusters on Au(111)-typically by 0.06-0.07 μ B . This difference would be about twice as large if the lattice constants of the substrates were the same: if the Au lattice constant of 7.71 au is decreased to the Pt value of 7.39 au, μ spin of Co clusters decreases (see figure 8) . Such a decrease is in agreement shown as well [6] . Note that the theoretical data for Co n on Au with Pt geometry and for Co n on Pt nearly coincide for n 2.
with intuitive expectation: smaller interatomic distances generally lead to smaller magnetic moments. The fact that clusters on Pt have larger μ spin than clusters on Au means that the electronic structure effects more than outbalance the effect of the lattice compression. On the other hand, the orbital magnetic moments are larger for clusters on Au(111) than for clusters on Pt(111). It follows from figure 9 that in this case the difference between Au and Pt substrates could be attributed to the difference in lattice constants alone: the data points for Pt and for Au with Pt geometry nearly coincide for clusters of two or more atoms and for an overlayer. Magnetic moments of overlayers can be seen as asymptotic values for monolayer clusters Co n if n → ∞. Our results for all three substrates are consistent in this respect. Magnetic moments of bulk systems are even lower. For a hypothetical bulk Co with an fcc lattice of Pt we obtain μ spin = 1.81 μ B and μ orb = 0.14 μ B ; for bulk Co with an fcc lattice of Au we obtain μ spin = 1.89 μ B and μ orb = 0.17 μ B .
Comparison of our results with earlier theoretical investigations of Co clusters [6, 33] and of a Co overlayer [33, 43, 44] on Pt(111) with the same geometry as investigated here is done in tables 1 and 2. There is a good agreement in most cases. Spin magnetic moments calculated in this work exhibit a larger variation with cluster size and shape than the moments obtained by Gambardella et al [6] . A possible cause of this difference may be a different treatment of the Pt host in both calculations: we treat it fully relativistically while Gambardella et al treat it in a scalar-relativistic way [45] .
Another comparison can be made with the results of Sabiryanov et al [26] who performed non-relativistic full-potential calculations of Co 1 , Co 2 , and triangular Co 3 clusters on Pt(111) [26] is a consequence of the geometry relaxation. As concerns magnetic moments induced in the Pt substrate, our results can be compared with the results of Lazarovits et al [33] for the 'extreme cases' of an ad-atom and of an overlayer. A reasonable agreement is found. For Pt atoms below a Co ad-atom, the total induced μ spin is 0.39 μ B in this work and 0.49 μ B in [33] and the total induced μ orb is 0.09 μ B in this work and 0.11 μ B in [33] . For Pt atoms below a Co overlayer, induced μ spin is 0.19 μ B in this work and 0.22 μ B in [33] , while the induced μ orb is 0.05 μ B in both studies. On the other hand, calculations of Sabiryanov et al suggest that the total μ spin induced in Pt atoms below a Co ad-atom is as large as 1.65 μ B [26] (with μ spin for the first neighbours of the ad-atom being 0.14 μ B [46] ). The discrepancy between these values and the results of us and of Lazarovits et al [33] may be caused by the contraction of Co-Pt distances which is present in the work of Sabiryanov et al [26, 46] . However, one should also bear in mind that Sabiryanov et al relied on a supercell treatment of a 7-layer slab [46] , which may lead to an overestimation of the influence of the Co ad-atom on more distant host atoms.
The average values for μ spin and μ orb decrease monotonically with the cluster size. This is partly because we focus on compact cluster shapes: if more open clusters such as linear Co 3 or a cross-shaped Co 5 were included (as in our earlier reports [14, 25] ), oscillations would appear. Unsurprisingly, the bilayer Co 10 cluster does not always fit into the sequence of monolayer clusters. This is mostly visible for induced moments in the Pt substrate, where the topmost three Co atoms are not in a direct contact with any substrate atom and hence practically do not contribute to Pt magnetism.
A similar monotonic reduction of the cluster magnetism with increasing cluster size was found in theoretical investigations of Fe clusters of 1-9 atoms on Ni surfaces [36, 47] . An experimental investigation of small Fe clusters on Ni/Cu(001) based on XMCD sum rules yields a non-monotonic variation of μ spin and μ orb with cluster size. However, the error bars are quite large and a monotonic dependence is still consistent with the data [4] . In contrast to supported clusters, magnetic moments of free clusters exhibit a non-monotonic dependence on the cluster size within a small as well as an extended range of sizes [35, 48, 49] . It is thus possible that the substrate suppresses the tendency of magnetic moments to oscillate when the cluster size is varied. At the same time, the effect of different cluster shapes (spherical for free clusters, planar for supported clusters) cannot be ruled out.
Experimental data for μ orb of Co clusters and for a Co overlayer on Pt(111) were obtained by Gambardella et al [6] by means of XMCD spectroscopy. As follows from figure 9, our calculation reproduces the general trend of μ orb with cluster size but underestimates its magnitude. This is presumably due to correlation effects which are not fully incorporated in the LSDA framework. It was demonstrated that applying correlation corrections to the LSDA exchange-correlation potential by means of Brooks' OP formalism [34] improves the results in comparison with the observed orbital moments [6, 12, 50] . On the other hand, there are problems within the OP scheme which hinder its universal applicability [37] .
Gambardella et al [6] also give an experimental estimate of the total (spin and orbital) magnetic moment induced in the Pt substrate below a Co ad-atom as 1.8 ± 0.7 μ B . This is considerably larger than our value of 0.48 μ B . One should note, however, that several nontrivial assumptions had to be made by Gambardella et al in order to extract the magnetic moment of Pt from their data. XMCD measurements on a Co 13 Pt 3 multilayer suggest that the total magnetic moment at the Pt interface layer is 0.69 μ B [19] .
As concerns Co clusters on Au(111), experimental data are available only for large clusters. Weiss et al [17] investigated Co clusters of about 120 atoms on Au(111) microfacets via the XMCD sum rules analysis and estimated μ spin as 1.7 μ B and μ orb as 0.4 μ B per Co atom. Koide et al [16] applied a similar procedure to bilayer Co clusters of 400 atoms sandwiched between two Au(111) blocks and found that the spin and orbital magnetic moments of Co atoms are ∼2.1 μ B and 0.3 μ B , respectively. These values are in the same range as the values we obtained for Co clusters on Au.
Density of states
Inspection of the density of states (DOS) further elucidates the mechanism with which the substrate affects magnetism of supported Co clusters. In accordance with the results of the previous section, one can assume that this mechanism will be the same for clusters and for overlayers. Therefore we focus on the technically simpler case of a Co overlayer and inspect how the DOS changes if a free-standing Co monolayer in vacuum is deposited onto a clean (111) surface of Pt, of Au with Pt geometry, and of Au. The geometry of the free-standing Co monolayer is always adjusted to the geometry of the substrate. The results are summarized in figure 10 . For the sake of clarity we show the data only for the d states, which dominate in these systems. A broadening by a Lorentzian with a full width at half maximum of 0.25 eV was applied in order to suppress very fine DOS features.
As one would expect, the DOS at the Co sites broadens if a free-standing monolayer is deposited onto the substrate, because the states now get more hybridized and this way more delocalized. Likewise, decreasing the lattice constant of Au leads to a stronger hybridization and, consequently, to broader bands (compare the middle panels with the rightmost panels). It is also interesting to note that the changes in the DOS induced by the deposition of the Co overlayer are more pronounced at the substrate sites than at the Co sites. Similar trends were observed for a Co overlayer deposited on Pd(111) [43] . On the other hand, for a Co overlayer on the W(110) surface, a big change of DOS with respect to a free-standing monolayer occurs at the Co sites [51] . A pure electronic structure effect can be observed by comparing the left panels of figure 10 with the middle panels (because these panels correspond to identical geometries). The first thing to note is that depositing the Co monolayer on Pt alters the DOS at Co sites more than Table 3 .
Valence charges and μ spin in Co spheres, decomposed according to the angular momentum. The first column of numbers represents a free-standing Co monolayer; the following columns show the amount by which these values change if the monolayer is deposited onto a clean Pt or Au surface. In all cases, the geometry matches the bulk Pt lattice. The charges are in fractions of an electron charge; the magnetic moments are in μ B . depositing it on Au-especially as concerns the majority states. This is plausible given the fact that the DOS of a free-standing monolayer has a substantially larger overlap with the DOS of Pt than with the DOS of Au, implying a stronger hybridization with the former [18] . On the other hand, a similar explanation cannot be applied to changes in the DOS at the Pt and Au sites, because in both cases the change is relatively large and it is by no means obvious which of them is the larger one. Apart from the effect of the DOS overlap, the stronger hybridization of Co with Pt than with Au may also be connected with the greater extent of the d states in Pt (the orbital radius of the 5d shell for atomic Pt is larger by 4% than for atomic Au [52] ). The magnitude of μ spin is determined by the imbalance between occupied majority-spin and minority-spin states; hence it will be instructive to follow the transfer of spin-polarized charges. In order to highlight the effect of the electronic structure, we perform this analysis for systems with the same geometry. Table 3 shows the valence charges and spin magnetic moments accumulated in the s, p, and d states in a Co atomic sphere for a free-standing Co monolayer together with the changes of these quantities caused by depositing this monolayer either on Pt or on Au with Pt geometry. One can imagine such a process as disappearance of the vacuum region between the monolayer and the substrate. The charge contained in the vacuum region has to be transferred somewhere else, presumably primarily into the Co spheres and into the interface Pt or Au spheres. If follows from table 3 that most of the additional charge goes into the unpolarized p states. On the other hand, the decrease of μ spin in the course of the deposition is realized mainly through changes of the occupancy of the d states. If Co atoms are deposited on Pt, a small amount of charge is added to the minority d states while the occupancy of the majority states remains unchanged. Consequently, only a relatively small decrease of μ spin of the d states occurs that can be completely attributed to the increase of the d charge in Co spheres. On the other hand, a deposition of Co on Au causes not only a mild increase of the d charge but also a further redistribution of the d states from the majority to the minority spin orientation. Consequently, the decrease of μ (d) spin is significantly larger than the amount of the transferred d charge.
The charge transfer in the substrate Pt or Au atoms is in some respect similar to the charge transfer in the Co atoms (table 4). The total occupancy of the s and of the d states in Pt or Au spheres practically does not change if a Co monolayer is deposited on the substrate. At the same time, the total occupancy of the p states increases by about 0.2 electrons. The appearance of a sizable μ spin in Pt spheres is caused through a redistribution of d-electrons from states with minority to states with majority spin character. Table 4 . Differences between angular-momentum-decomposed charges and μ spin of Pt or Au atoms below Co overlayers and on clean Pt and Au surfaces. The first column of numbers represents Pt; the second column represents Au with Pt geometry. The differences in μ spin are in μ B .
Pt (difference)
Au with Pt geom.
0.02 0.00
It is worth noting that the fact that clusters on Pt have a larger μ spin than clusters on Au seems to be counterintuitive: the d band of a Co monolayer has a larger overlap with the d band of Pt than with the d band of Au, which suggests that the hybridization between the adsorbate and substrate bands is stronger for Co on Pt than for Co on Au and that, in turn, should imply that Co clusters on Pt will have a smaller μ spin than Co clusters on Au. Such an intuitive argument can be applied for the Au and Ag substrates [37] ; however, it apparently fails in our case. This might possibly be connected with the fact that different mechanisms are involved in suppressing the magnetism of initially free Co clusters by the Pt and Au substrates (simple increase of the number of electrons with the minority spin orientation in the case of Pt versus a redistribution of electrons from states with majority to minority spin orientation in the case of Au-see table 3).
Besides investigating how the DOS is influenced by the substrate, it is instructive to have a look at the influence of the cluster size. Figure 11 shows the DOS in Co spheres for supported clusters of 1, 2, and 7 atoms and also for a hypothetical bulk Co with the geometry of the underlying substrate (again, a Lorentzian broadening of 0.25 eV was applied). For the Co 7 cluster, the DOS at the central Co and at the Co at the edge of the hexagon is shown separately. One can see that for both substrates, the DOS curves get broader if the cluster size is increased and, simultaneously, a distinct fine structure appears. Similar trends were observed for finite Co wires on Pt(111) [33] . Interestingly, there is quite a substantial difference between the DOS of bulk Co and of the clusters we explore. In accordance with the situation for a Co overlayer, the DOS curves for clusters on Au are systematically more sharp than for clusters on Pt.
Exchange coupling
Exchange coupling constants J i j were calculated on the basis of (2). As an illustration, the J i j constants for Co 4 and Co 5 clusters supported by Au(111) are displayed in the lower diagrams of figure 12 . The upper diagrams of figure 12 show the sum
related to every atom. Such a quantity could be seen as the total strength by which a spin of atom i is held in its direction by interacting with all the other atoms. Figure 12 illustrates a general rule that the coupling between nearest neighbours is nearly by an order of magnitude stronger than coupling between more distant atoms. We also found that, for all the clusters we investigated, the J i j constants are always positive. The only exception is the coupling between the most distant atoms in the Co 10 cluster on Au (i.e., between the two edge atoms which lie in the opposite directions from the centre), where the J i j constant is −1.1 meV. Intuitively, one can expect that the total coupling J (i) of the i th atom will be proportional to its coordination number-more neighbours means more terms in the sum in (4) . Figure 12 illustrates this tendency for two cluster sizes. A systematic exploration of the dependence of J (i) on the coordination number for a whole range of sizes of monolayer clusters on Au(111) is performed in the left graph of figure 13 . One can see that the deviations from the suggested correlation are not large-although signs of saturation appear for coordination numbers bigger than four.
The coupling constants J i j determined by (1) and (2) already contain μ spin of the coupled atoms. If the effects of the cluster size and of the local coordination were negligible, the nearestneighbour J i j should be proportional to the product of magnetic moments of the i th and j th atom. Deviations from this proportionality can be thus seen as a measure of how finite cluster size affects the exchange coupling. Therefore, we display in the right graph of figure 13 the coupling constants J i j between neighbouring atoms in Co clusters supported by Au(111) as a function of the product μ
spin . One can see that although larger magnetic moments generally lead to a larger coupling, the spread of the J i j -values around the linear relation is significant. This can be viewed as a demonstration that using bulk coupling constants for studying finite-temperature cluster magnetism would be inappropriate.
The data presented in figures 12 and 13 represent results for Co clusters on Au(111). Focusing on the Pt substrate would lead to similar conclusions as for the Au substrate: just the numerical values of the coupling constants would be larger. Generally, when going from one substrate to another, one can expect that the exchange coupling will be affected by the magnitude of μ spin and by interatomic distances. In order to have a quantitative measure, we investigate the average total coupingJ :
The dependence ofJ on the size of Co clusters on Pt(111), on Au(111) with Pt geometry, and on Au(111) is shown in figure 14 . Data for Co overlayers are shown as well (in these cases,J is identical to J (i) for any i ). For clusters on the Pt substrate, about 95% of theJ -value comes from the Co-Co coupling and the remaining 5% from the Co-Pt coupling. For clusters on the Au substrate, the Co-Au coupling constitutes less than 1% ofJ . Unsurprisingly,J is largest for the Pt substrate, for which the Co magnetic moments are larger and the interatomic distances are smaller than for the other substrates. A competition between both trends occurs when comparing clusters on Au and on Au with Pt geometry: decreasing the lattice constant from the Au value to the Pt value leads to a contraction of interatomic distances and thus to an enhancement ofJ and, at the same time, it leads also to a decrease of μ spin of Co atoms and thus to a reduction ofJ . As can be seen in figure 14 , the effect of decreasing the interatomic distances prevails. An interesting transposition ofJ -values occurs at both ends of our cluster size range: the exchange coupling in the Co 2 cluster and in the Co overlayer is weaker on Pt than on Au with Pt geometry, even though the magnetic moments are larger for the former substrate.
It follows from figure 14 thatJ increases monotonically with the cluster size. This is plausible: increasing the cluster size means increasing the average coordination number, which in turn means increasing the coupling. Note that if other than compact shapes were included in figure 14 , one would get a non-monotonic behaviour:J of a linear Co 3 cluster is smaller thanJ of a triangular cluster; similarlyJ of a cross-shaped Co 5 cluster is smaller thanJ of a half-moon cluster. For atoms in overlayers, the sums in (4) and (5) formally include an infinite number of terms, so it is not surprising thatJ for overlayers is larger than for clusters. One gets even larger values ofJ for a hypothetical bulk Co with an fcc Pt lattice (168 meV) or with an fcc Au lattice (158 meV). Nearest-neighbour coupling constants J i j for Co dimer and trimer on Pt(111) were published by Sabiryanov et al [26] . Their values (29 and 27 meV for Co 2 and Co 3 , respectively) are smaller than the values obtained in this work (55 and 39 meV). The study of Sabiryanov et al involves Co atoms which have, because of geometry relaxation, about 10% smaller μ spin and about 20% smaller interatomic distances than Co atoms treated in this work. Assuming that J i j is approximately linear in the square of μ spin ( figure 13 ) and inversely proportional to the cube of the interatomic distance [53] , one can crudely estimate that J i j should be about 60% larger in the study of Sabiryanov et al than in this work, contrary to what really happens. A possible source of this discrepancy might be an interference between adjacent supercells in the formalism employed by Sabiryanov et al [26, 46] . At the same time, the influence of the ASA used by us cannot be ruled out. It is worth noting that when applying the above scaling toJ for bulk fcc Co presented in this work (with either Pt or Au lattice) and for bulk hcp Co provided by Sabiryanov et al [26] (175 meV), one gets a reasonable agreement between the computed and 'scaled' values (better than 10%). Figure 15 shows the crossover temperature T c as a function of the size of compact Co clusters for Pt(111) and Au(111) substrates as obtained from our Monte Carlo simulations. For comparison, we present also T c calculated from the relation
Crossover temperatures
which is an extension of the mean-field approximation from the bulk case to finite clusters.
A tendency of T c to increase with increasing cluster size is obvious. Similarly as in the case of magnetic moments and average coupling, the dependence of T c on the cluster size would not be monotonic if open shapes were included. In all cases, T c of our clusters is well below the theoretical Curie temperature of bulk fcc Co as evaluated either using a random phase approximation (1311 K) or using a mean-field approximation (1645 K) [53] .
The crossover temperature of clusters on the Pt substrate is higher than that of clusters on the Au substrate. This is consistent with the trends of average coupling constantsJ , as reflected by T MFA c in figure 15 . On the other hand, a closer look at figure 15 reveals that T c is not simply proportional to T MFA c and hence not toJ .
Summary
Our fully relativistic ab initio calculations suggest that magnetic moments of small Co clusters on Pt(111) and on Au(111) decrease monotonically with increasing cluster size but always remain enhanced with respect to the bulk or to a Co overlayer. Spin magnetic moments of Co clusters are larger for the Pt substrate than for the Au substrate, while the reverse is true for orbital magnetic moments. The local μ spin and μ orb of Co atoms generally increase if the number of Co neighbours decreases. Pt atoms which are nearest neighbours of any Co atom have an induced μ spin of 0.07-0.14 μ B and induced μ orb of 0.02-0.03 μ B , while analogous Au atoms have a small negative induced μ spin ( 0.02 μ B ) and practically zero μ orb . Pair-wise exchange coupling between neighbouring Co atoms is only approximately proportional to the product of their magnetic moments. The total exchange coupling of any atom in a cluster generally increases if its coordination number increases. On average, the exchange coupling is larger between atoms on Pt than between atoms on Au. The crossover temperature predicted by Monte Carlo simulations increases with cluster size monotonically and is larger for clusters on Pt than for clusters on Au.
